Three dimensional Electron Microscopy (EM) and in particular single particle reconstruction using cryo-EM, has rapidly advanced over recent years, such that increasingly several macromolecular complexes can be resolved at sub-nanometer resolution (6-10Å). This paper reviews some of the main volumetric image and geometric post-processing steps once a three dimensional EM map (henceforth a 3D map) has been reconstructed from single particle Cryo-EM, as essential steps in an enhanced and automated computational structure interpretation pipeline. In particular the paper addresses automated filtering, critical point calculations, symmetric and non-symmetric molecular domain segmentation, and protein secondary structure (α-helices and β -sheets) elucidation from 3D maps.
INTRODUCTION
Structural genomics initiatives target solving structures of most existing protein folds by X-ray crystallography , and nuclear magnetic resonance (NMR), such that most of the remaining proteins can be modeled with useful accuracy based on their similarity (homology) to known structures. While structures of individual proteins, or small complexes, such as most of the Protein Data Bank (PDB) [1] entries, provide important information, they do not necessarily yield the "full picture" of a functional biological complex. In recent years, cryo electron microscopy (cryo-EM) of single particles has become the procedure in vogue, to study large macromolecular complexes, (e.g viruses, ion channels, ribosome), with available reconstruction software packages (e.g., EMAN [2] , SPIDER [3] , IMAGIC [4] ). The results are remarkable as the structure of large complexes are starting to be elucidated at subbajaj@cs.utexas.edu nanometer resolutions (6 − 10Å) [5] . Despite these advances, the infrastructure for quantitative analysis and visualization of the reconstructed three dimensional EM map (henceforth 3D map) still remains relatively undeveloped, and structure interpretation has become the rate limiting step [6] . Determining the individual multiple structural component models (also called structure units) of the macromolecular assembly upto the resolution of the 3D map, yields crucial information of the structural interactions of the assembly, and thereby facilitates the interpretation of the function of the macromolecular machines.
This paper reviews certain fundamental volumetric image and geometry, computational processing steps once a three dimensional EM map (henceforth a 3D map) has been reconstructed from single particle Cryo-EM, as essential steps in an enhanced and automated computational structure interpretation pipeline [7] [8] [9] . See Figure 1 . In section 2, of this we Fig. 1 . A comprehensive computational pipeline of structure interpretation and psuedo-atomic model generation starting from 2D cryo-EM images of virus particles. The pipeline consists of several computational steps, only some of them are described in this review.
review 3D map and gradient filtering, critical point calculations, symmetric and non-symmetric molecular domain segmentation, and protein secondary structure (α-helices and β -sheets) elucidation from 3D maps.
STRUCTURE UNIT IDENTIFICATION
Filtering Filtering of 3D maps, in the context of structure unit identification, represents the preservation of the map's "critical" features while suppressing the unimportant details. The critical features of 3D maps are often points, curves, or surfaces where the gradient of the map intensity, vanishes. For segmentation as well as for symmetry detection, we shall only require the computation of critical points. Since noise is always present in the 3D map intensity field, a map filtering process is required. A linear filter of map intensities (e.g., Gaussian filtering) may suppress some weak features and hence eliminate some critical points. A nonlinear map filter [10] , however, tends to "flatten" a region, yielding many unwanted critical points. In paper [11] , we utilize a bilateral pre-filter coupled with an evolution driven anisotropic geometric diffusion PDE (partial differential equation) of the map intensities with significant results. The two subfigures of Figure 2 in the left show the performance of this approach on a single slice of the map.
Fig. 2.
Filtering, symmetry detection and segmentation applied to a cryo-EM 3D map of the Rice Dwarf Virus (RDV). The bottom row shows further segmentation of the outer capsid into asymmetric structure units, trimeric structure units and eventually into the monomeric constituent proteins (P8).
An alternative technique of filtering is based on the diffusion of gradient of the 3D map, from which the critical points of the 3D function are extracted as zeroes of the gradient vector field. In [12] , the authors describe a diffusion technique to smooth gradient vector fields. The gradient vectors are represented by Cartesian coordinates and a set of partial differential equations (PDEs) are separately applied to each component of the vectors. The equations are linear or isotropic, and therefore inherit the drawbacks of most linear systems. A better way to diffuse a gradient vector field is based on the polar-coordinate representation of the vectors, coupled with anisotropy [13, 14] . Symmetric and Non-Symmetric 3D Segmentation Segmentation is a way to electronically dissect the 3D map into significant biological structure units, and thereby obtain a clearer view into the molecular machinery's architectural organization. Current efforts on the decomposition of an icosahedral map into its structure units still largely rely on manual work with an assistance of a graphical user interface [5] . Two semi-automated techniques have been discussed in the 3D EM community. One is called water-shed immersion method [15] and the other is based on normalized graph cut and eigenvector analysis [16] . Recently, Frangakis and Hegerl showed that high-quality segmentation can be achieved by using eigenvector methods that optimize the normalized cut criterion for graph clustering [16] . However, as they themselves recognized in [16] , the time needed to perform segmentation of 3-dimensional images is a severe bottleneck.
The 3D map segmentation scheme we employ for symmetric and non-symmetric domains [8, 9] , is adopted from a variant of the seed based fast marching method [17] . In order to segment multiple structure units, such as the 60T-components of icosahedral virus capsid shells or the 3, 5 or 6-component protein conformers (i.e. trimers, pentamers, hexamers), one has to choose a seed for each of the individual structure units. Here T is known as the triangulation number of the icosahedral representation. This requires a preprocessing identification step of all local and global symmetries in the 3D map, discernible at that resolution, to separate out the individual structure units. Details of this symmetry elucidation step, using critical points of the 3D function, and fast cross-correlation analysis are given in [8] . Accuracy of the segmentation process is shown in Figure 2 . The same method [8, 9] is applicable also to the segmentation of molecular domains which do not exhibit symmetry. This of course still requires an appropriate tuning of the seed points and speed function parameters. The results are promising as shown in Figure 3 . There are relatively few published algorithms that detect α-helices and β -sheets of proteins from 3D maps at intermediate resolution (6 − 10Å) -Helix Hunter by [19] , β -sheet detection by [20] . These algorithms are very inefficient and suffer primarily due to their exhaustive search paradigm. In both the cases, helices are modeled as cylinders and sheets are modeled as disk like primitives and the algorithm searches over the whole space of the map for best correlation. Recently, we have developed two different algorithmic approaches for helix-sheet identification. In [21] , the α-helices and β -sheets are detected by eigen-analysis of the structure tensor of the 3D segmented map of the protein, in selected neighborhoods. The eigen-analysis reveals the line-like or disk-like substructure within the map. It is a boundary-free approach. Figure 4 shows the accuracy of this algorithm in detecting the secondary structure of the proteins. The second method [22] , is a boundary-based approach, and works on the distance function induced by the molecular surface and identifies the helices and sheets by analyzing the index 1 and index 2 critical point (saddle points) structure of this function. Unstable manifolds of the index 1 critical points reveals the β -sheet and that of index 2 critical points reveals the α-helices. Figure 5 shows the accuracy of the boundary-based algorithm in detecting the secondary structure of proteins. and the axes of the cylinders that correspond to the helices (e) combined display of the computed helices (green cylinders) and sheets (red patches) and the ribbon diagram of the secondary structure, as documented in Protein Data Bank.
CONCLUSIONS
In view of the progress made in biochemical purification of large complexes and the improved resolution of cryo-EM, it is all but certain that the number of macromolecular complex structures solved at sub-nanometer resolution will continue to increase. As demonstrated in the previous sections, with the development and application of volumetric image processing and computational geometry algorithms, it is possible to automatically elucidate the ultrastructure of protein constituents of macromolecules, namely, the protein's secondary structure elements, such as helices and sheets, from 3D reconstructed maps. With this information in hand, it is also conceivable that one may now link the structural informatics with other biophysical and biochemical informatics, to better interpret the functional mechanism of biological machines and their components.
